Pulsed plasma thrusters (PPTs) are electrothermal and electromagnetic thrusters that produce thrust in a discharge and have great potential as space engines owing to their simple structures. A coaxial PPT with solid propellant of cavity diameter of 3 mm and capacitor energy of 8 J has been designed and operated at Gifu University. To investigate unsteady phenomena of the PPT, optical measurements have been performed with photography using a high-speed camera. In past works, the luminescence from the PPT has been observed. The results show that the luminescence from the propellant continues after discharge. In the present study, to investigate the luminescence in detail, in addition to the photography of the luminescence without a filter, photographs were taken with a band-pass filter to obtain the luminescence from only the ionized gas, C + for two different cavity lengths, 25 and 15 mm. By comparing the results between the unsteady behaviors of the luminescence with and without the filter, the luminescence phenomena were investigated. The luminescence from the propellant part without the filter in the last 34 and 15 μs for the cavity lengths of 25 and 15 mm was free of luminescence from C + . The time when the luminescence from C + ends was close to the time of the end of discharge for each cavity length. These results suggests that the measurement of the luminescence from C + is effective for understanding phenomena in the cavity during discharge.
Introduction
Pulsed plasma thrusters (PPTs) are electrothermal and electromagnetic thrusters that produce thrust in a discharge 1) . Because of their simple structure, PPTs are promising as space propulsion systems and have been investigated world-wide [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . PPTs are classified in terms of kind and geometry of propellant 1) . Experimental and numerical studies on PPTs with solid propellant have been carried out by numerous researchers [2] [3] [4] [5] [6] [7] . In recent years, PPTs with liquid and powdered propellants have been also studied 5, 8, 9) . The PPTs with liquid and powdered propellant are promising because the injection of the propellant is controllable.
The electrothermal PPT with solid propellant have the simplest structure without any valves. The optimization of geometries of the PPT such as a cavity and nozzle has been carried out mainly by evaluations of the performance and the performance has been improved [2] [3] [4] [5] . However, some serious problems still remain for the improvement of the performance. A typical problem is a late-time ablation, which appears after discharge and causes a decrease in the performance. Because the plasma produced by the late-time ablation has low energy, it is difficult to investigate the phenomena. In the present work, to understand the phenomena by optical measurements, observations of luminescence from PPT were carried out. The coaxial PPT with solid propellant shown in Fig. 1 has been designed and operated in Gifu University 10, 11) . In past works 10, 11) , the characteristics of the PPT have been investigated to evaluate the fundamental properties. The time dependence of discharge current and plume properties have been measured using a Rogovsky coil and a triple Langmuir probe. The discharge current profile showed a typical damped oscillation wave (see Fig. 2 ). Some peaks of the electron number density of the plume corresponding to the discharge current peaks were obtained. In the experiments, to observe the unsteady behavior of the plasma in the PPT discharge process directly, luminescence images from the propellant and downstream of the nozzle have been taken through a small glass chamber. Because of the brevity of PPT discharge, a high-speed camera was employed for the measurements. The camera can take images at 2,000-20,000,000 fps with exposure times of 10 ns -20 μs. The time variances of the luminescence from the propellant and the plume were obtained for various cavity geometries. As a result, the correlation between the intensity of the luminescence and the cavity geometry was obtained. In the luminescence images, peaks corresponding to the peaks of the discharge current and plume were also observed.
For the improvement of the thrust performance of the PPTs, it is important to examine ablation phenomena in the cavity of the propellant. Because the cavity is too small to observe the phenomena, the luminescence measurement is effective for understanding the ablation process. However, from only the past works, it is impossible to determine whether the luminescence from the propellant part arises from the cavity or from the propellant owing to residual heat. Therefore, in the present study, the luminescence from the propellant part and the plume was also observed with a band-pass filter. The filter was used to obtain luminescence from C + . By comparing the characteristics of the luminescence with and without the filter, the luminescence from the propellant part was identified. In addition, by comparing the durations of the luminescence with and without the filter, the effectiveness of the present luminescence photography for the late-time ablation phenomena, the degree of ionization of the late-time ablation gas, and the dependence of the luminescence duration after discharge on the cavity length were examined. 
Experimental Setup
As described above, in the present study, unsteady optical measurements of pulsed operations of the coaxial-PPT with a specific time of less than 100 μs are carried out with highspeed camera photography. In this section, in addition to the PPT operation setup, the setup for the high-speed photography is also described.
Coaxial-PPT operation
A schematic of the experimental setup of the PPT operation in the present study is shown in Fig. 3 . A Teflon ® tube is used as a solid propellant. The cavity diameter of the propellant, 3 mm, is fixed in the present measurements. Two cavity lengths of 15 and 25 mm are employed. A divergent nozzle is used as a cathode and an anode column is set inside the Teflon ® tube, the propellant of the PPT. An igniter is set in the cathode nozzle at a distance of 3 mm from the Teflon ® tube end. The ignition voltage is 4 kV. The ignition induces a main discharge. The capacitance and energy of the capacitor are 4 μF and 8 J. To enable direct optical measurements, the PPT is mounted inside a small glass chamber. The discharge current is measured using the Rogovsky coil. 
Emission measurement
As described above, the PPT is set inside the glass chamber. The glass chamber is useful for direct optical observation. A digital camera can take a plume with a long exposure time. The plume profile is clearly observed. However, the photograph was obtained by integral photography of luminescence from the PPT over a pulse. Thus, such photography is not appropriate for the investigation of the characteristics of time-dependent PPT operations of brief duration. Therefore, in the present study, measurements of the luminescence were performed with high-speed photography. Images of the luminescence patterns from the PPT were taken using a high-speed camera, NAC FS501, which can take photographs at 2,000-20,000,000 fps with an exposure time of 10 ns-20 μs, an interframe distance of 40 ns-320 μs, and a time resolution of 0.5-50 ns. In the present study, to examine the behavior of luminescence from the propellant part in detail, emissions from C + (426.7 nm) in the propellant and the plume were observed using a band-pass filter (CWL: 430 nm, FWHM: 10 nm). The line of C + (426.7 nm) was selected in reference to the emission spectrum observed by T. E. Markusic et al 12) . There are also a few lines of F + within the full width at half maximum (FWHM). However, because the intensities of the lines are weak and the aim of the filter is to observe behaviors of ions, the existence of the lines is consistent with discussions.
Photography with and without the filter was conducted. In addition to the luminescence image from only the propellant part (frame I), luminescence images from the area including both the propellant and downstream of the nozzle (frame II) and images from only the plume (frame III) were taken, as shown in Fig. 4 . Because of large differences in the luminescence intensities among the three frames, different exposures were used for different frames.
Results and Discussion

Luminescence from PPT
As shown in Fig. 2 , the discharge current profile measured with the Rogovsky coil shows a typical damped oscillation wave and some peaks. High-speed photographs corresponding to the current peaks were investigated.
To identify whether the luminescence from the propellant part arose "from ablated gas in the cavity" or "from propellant owing to residual heat", as shown in Fig. 5 , the measurements of the luminescence from the propellant part were carried out with and without the band-pass filter. Figure 6 shows a schematic of an image of luminescence, a propellant part, and a nozzle in the frame I for photography of luminescence from only the propellant part. The luminescence from propellant part is observed through the Teflon ® . The propellant is fixed by installing the propellant in the nozzle part. Thus, the luminescence from the propellant part inside the nozzle is unobservable. To observe the luminescence from the broadest possible region of the propellant part, there is an incision of the nozzle at the junction. However, to prevent the plasma leaking from the junction, some of the propellant still remains hidden in the nozzle.
The successive photographs of frame I without the filter for two different lengths, 25 and 15 mm of the propellant cavity are shown in Fig. 7 . The exposure time and interframe distance set in the photography are 40 ns and 3 μs, respectively. Because the propellant and the nozzle are not shown in the photographs with the exposure time, the nozzle region and the outline of the propellant are represented in Fig.  7 . In Fig. 7 , successive images from the 1st to 2nd peaks of emission are shown. For each cavity length, emission is shown in almost all regions of the propellant. Figure 8 shows the images with the filter. The exposure time and interframe distance in the photography are 1 μs. The images also show the luminescence from almost all regions of the propellant part. This indicates that the gas ablated from the inner surface of the propellant is ionized throughout all over 1st peak 2nd peak 2nd peak 1st peak 2nd peak 1st peak 1st peak 2nd peak These results show the luminescence from the propellant part without the filter contains the luminescence from the ablated gas in the cavity.
Duration of luminescence
To examine the association between the luminescence after discharge and "late-time-emission" phenomena, the simultaneous photography of luminescence from the propellant and plume (frame II) was carried out (see Fig. 9 ).
Figures 10 and 11 show successive luminescence images of frame II for the cavity lengths of 25 and 15 mm. The upper and lower series are the images without and with the filter, respectively. Because of the low intensity of the luminescence from the plume, the exposure time of photography is increased compared with the case of frame I. The exposure time and interframe distance of photography respectively are 250 ns and 3 μs for the upper series and 3 μs and 0.5 μs for the lower series. The intensity of the luminescence from the plume is very low compared with that from the propellant part. However, in the upper series, peaks of the luminescence from the plume are observed just after the peaks of the luminescence from the propellant part for each cavity length. The results indicate that theses photographs show exhaust processes of the ablated gas.
The luminescence in the lower series finishes earlier compared with the upper series for each cavity length. The durations of the luminescence are plotted for the two cavity lengths in Fig. 12 . The duration differences between the luminescence without and with the filter are also shown in the figure. The duration of the luminescence without the filter is longer for the cavity length of 25 mm than 15 mm. However, the duration of the luminescence with the filter is shorter for the cavity length of 25 mm than 15 mm. Because of the difference in the dependences of the durations on the cavity length, the duration difference increases for the longer cavity length of 25 mm. The duration differences are 34 and 15 μs for the longer cavity lengths of 25 and 15 mm. As shown in Fig. 12 , the above duration differences are significant compared with the durations of 31-65 μs. In other words, the luminescence without the filter in the last 34 and 15 μs is free of luminescence from C + . As shown in Figs. 10-12, with the filter, the time when the luminescence end is close to the time of the end of discharge for each cavity length. Thus, most of the duration difference corresponds to the duration of the luminescence after discharge (see Fig. 13 ). These findings suggest that the ionization in the cavity is weak after discharge. In addition, to use the duration of the luminescence after discharge without the filter for the determination of the duration of the late-time ablation, further investigations are required. For the longer cavity length, the duration of luminescence with the filter decreases with the decrease of the duration of discharge. In spite of the shorter duration of the discharge, the duration without the filter for the longer cavity becomes longer. This tendency is attributed to the increase in the energy for the longer cavity.
For very weakly ionized gas, it is difficult to observe the luminescence from C + in the cavity. Therefore, to identify the luminescence phenomena from the propellant part after discharge, the photography of frame III is carried out (see Fig.  14) . Frame III consists of the nozzle part and downstream region. By the photography of frame III, the behavior of the plume can be obtained in detail. Because of the low intensity of the luminescence from the plume, a long exposure time of 10 μs is used. The interframe distance is 40 ns. The black dashed lines and the black arrows in Fig. 15 show the times and the exposure duration of 10 μs for successive photographs for the cavity length of 25 mm without the filter. However, the time and duration should be shifted ahead to enable the comparison of the discharge current profile and luminescence from the plume, because the plasma generated by ablation is exhausted after a finite length of time. The time and duration were shifted ahead (see the red dashed lines and red arrows) on the basis of the time difference between luminescence peaks from the propellant part and the plume, as shown in Fig.  10 . The successive photographs are shown in Fig. 16 . The luminescence in the downstream region is demonstrable in each photograph. The first four photographs show the detailed shape variation of the plume. In particular, the variation in the spread of the plume in the radial direction can be clearly observed. The last photograph also shows weak luminescence from the plume. As shown in Fig. 15 , the last photograph was taken after discharge. Thus, the existence of the luminescence from the plume in the last photograph indicates the exhaust of the ablation gas after discharge. However, no luminescence from the plume is observed in frame III with the filter. These results of the photography of frame II and frame III with the filter indicate the possibility of weak ionization of the ablated gas in the cavity after discharge. 
Conclusion
In order to examine the ablation phenomena in the propellant cavity directly, the luminescence from the propellant part and the plume was observed by high-speed photography without and with the band-pass filter. As a result, the luminescence from C + in the cavity was observed. This shows that the luminescence without the filter arises from not only the propellant owing to residual heat but also the ablated gas in the cavity. For examine the late-time-emission phenomena, the durations of the luminescence from the propellant part for two different cavity lengths and the time of the luminescence from the plume were observed. The results show that the duration of the luminescence without the filter are observed after discharge and the duration after discharge depends on the cavity length. In addition, the luminescence from the plume generated after discharge was also observed after discharge without the filter.
However, there was no clear luminescence from C + in the propellant part and the plume after discharge. This result indicates the possibility of weak ionization of the ablated gas after discharge. However, the weak ionization makes the identification of the luminescence from the propellant part after discharge without the filter difficult. These results suggests that the measurement of the luminescence from C + is effective for understanding the ablation phenomena during discharge. For the examination of phenomena with weak ionization such as the late-time-emission, the luminescence measurement without the filter is effective. However, for the detailed understanding of phenomena in the cavity after discharge, further identifications of the luminescence from the propellant part are required.
